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Abstract
Storage of CO2 in depleted gas reservoirs and saline aquifers is being considered to prevent its emission to the atmosphere
and thus the subsequent climate changing eﬀects. The injection of large amounts of anhydrous carbon dioxide in the under-
ground will lead to salt precipitation as connate water evaporates in the CO2 ﬂux. This precipitation leads to decreased porosity
and permeability of the formation in the near wellbore region and may have a signiﬁcant negative inﬂuence on CO2 injectivity
and thus the economics of the operation.
The temporal and spatial extension of the drying zone are controlled by the mass ﬂow and characteristics of the reservoir.
The reduction of permeability of a porous medium caused by the precipitation of salt is currently being investigated. However,
the application of these results to the reservoir remain troublesome as it is unclear how to translate and up-scale these relations
to in-situ conditions. An improved understanding of the relevant physics regarding salt precipitation would be beneﬁcial for ex-
trapolation of the laboratory permeability eﬀects. Therefore, a laboratory investigation of salt precipitation in a heterogeneous
porous medium at the micro-scale has been performed.
In this study, the precipitation of salt in a Bentheimer sandstone (approx. 125 cm3) induced by CO2 through-ﬂow of 0.265
cm3/(cm2 h) is investigated at 27±1 bar and 306±1 K. The spatial and temporal development of salt crystals are monitored
intermittently using micro CT analysis over a period of 160 days (700 g, 400 pore volumes). The sandstone is initially saturated
with potassium iodide brine just below its salt saturation limit. A data analysis method is developed method that is able to
distinguish the precipitated salt in the sandstone for volumes in excess of 1.8 × 103 mm3. In addition, the decreasing water
saturation of the core could be qualitatively tracked with the micro CT scans: a preferred CO2 pathways through the core was
present.
The observations regarding salt precipitation are (1) a 10 mm high region in the scan showed slightly more salt precipitation,
(2) the salt precipitation is distributed evenly in the horizontal plane, (3) the observed maximum size of the salt crystals is
between 0.04 and 0.45 mm3 and the probability distribution of the larger crystals is smooth.
c© 2012 The Authors. Published by Elsevier Ltd.
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1. Introduction
Large-scale geological sequestration of carbon dioxide (CO2 ), generated by e.g. power plants, is considered
as a viable possibility to reduce anthropogenic emissions in an eﬀort to reduce the expected changes in global
climate [1]. Potential subsurface sequestration sites are deep saline aquifers and depleted oil and gas ﬁelds [2].
The continuous injection of under-saturated CO2 into a geological formation will transport the water by advection
of the aqueous phase due to displacement and by advection of the gaseous phase containing evaporated water
[3, 4]. Both processes can occur simultaneously, but the importance of the latter process transport will increase
with decreasing water saturation and may be the dominant process on long time scales.
The evaporation of water results in the precipitation of salt when the local equilibrium saturation limit is ex-
ceeded [e.g. 5]. This will occur only if the transport of ions through the remaining water phase is suﬃciently
slow compared to the evaporation rate. The precipitation of salt will not only decrease the porosity, but can also
decrease the permeability of the reservoir [6, 7]. The Verma & Pruess model [8] or the extended model of Giorgis
et al. [9] are used to calculate the chance in permeability as the salt precipitation changes the porosity. However,
these assumptions of these models about the location and distribution of salt precipitation have not been experi-
mentally conﬁrmed. Given that the complicated interaction of salt precipitation, electrolyte diﬀusion, evaporation,
gas advection is not yet understood laboratory data regarding the precipitation of salt in a porous medium caused
by evaporation drying is of great beneﬁt. Interesting work is being done by Veran-Tissoires et al. [10] regarding
the eﬄorescence of salt in a porous medium. Myrttinen et al. [11] did show the precipitation of NaCl salt in
a laboratory experiment where brine is displaced by supercritical CO2 . Ott et al. [12] did show, using micro
computer tomography (micro CT), that the precipitation of a salt layer covering the grains in the vicinity of CO2
-ﬂow channels. However, these experiments are at a much higher injection rate and lasted only 10 h. In addition,
they did not report the amount or volumes of the precipitated salt crystals.
Experimental data of the characteristics of the precipitation of salt in a heterogeneous porouos medium caused
by ﬂow-through CO2 drying is required to elucidate the precipitation mechanisms. Therefore, this paper presents
an attempt to track the precipitation of salt in a laboratory experiment where a Bentheimer sandstone sample, with
high initial water saturation, is dried by ﬂowing dry CO2 through the core at a rate of 3.33 cm3/h (0.265 cm3/(cm2
h)) at 27±1 bar and 305.7 K. Additional experiments at higher rates are being performed. The salt precipitation is
tracked by taking intermittent micro computer tomography scans of the core. Potassium iodide has been used as
the salt. The high x-ray absorption of the iodide, due to its large atomic weight, assures that it can be distinguished
from the sandstone. However, the disadvantage is that the contrast of the scans is low because of the high x-ray
absorption of the residual brine. This paper also presents a method for the analysis of salt precipitate in the porous
medium.
2. Material and methods
The experiment is performed on a single cylindrical (D=40 mm , L=90 mm) core samples of Bentheimer
sandstone. The mineral composition of this block of Bentheimer is given in Table 1; the porosity, permeability
and d50 have been determined at 0.2467 [-], around 3000 mD and 0.2 mm, respectively. A SEM picture, shown
in Fig. 1, provides and example of the size and shape of the pores and grains of the Bentheimer sandstone.
CO2 , obtained from Linde Gas, has a purity higher than 99.7 vol.-% and contains less than 150 volume per
million. Potassium iodide (KI) salt, from Sigma Aldrich, with a purity of higher than 99.0 % has been used with
demineralized water to make the brine. The salinity of the solution has been set at just below the saturation limit
at room conditions by slightly diluting an oversaturated solution. The density of this initial brine is 1690 g/m3 at
293.30 K.
The schematic drawing and details of the experimental set up is given in Fig. 2. The samples are coated with
a thin glue layer of RENCAST CW 2215 and REN HY 5160 resin. The annular pressure on the core is provided
directly on this layer. The samples in the core holder are ﬂooded with CO2 to replace the air and then saturated
by injecting at least 20 pore volumes of KI brine from the bottom. After saturation, CO2 is injected from the top
at a rate of 0.18±0.02 g/h for 160 days (700±70 g). The temperature is kept constant at 305.7±1 K. The observed
temperature variations are the results of the room temperature variations. The production pressure is kept constant
at 27±1 bar absolute with the back pressure valve. The injection pressure has not exceeded 40 bar.
 Patrick van Hemert et al. /  Energy Procedia  37 ( 2013 )  3331 – 3346 3333
Table 1. Mineral composition of the Bentheimer sandstone as determined from XRD and XRF measurements.
Mineral weight-%
Quartz 91.70
Kaolinite 2.50
Montmorillonite 0.18
Orthoclase 4.86
Dolomite 0.26
Calcite 0.15
Hematite 0.16
Rutile 0.03
Pyrite 0.01
Ca-phospate 0 .07
Halite 0.03
Total 99.96
Fig. 1. SEM image of the top of a Bentheimer sample. Note the irregular shape of the grains. The largest observed pores have sizes of 100’s
of microns.
Fig. 2. Schematic drawing of the laboratory drying by CO2 ﬂooding equipment. The injection is controlled using a Sierra Instruments, Inc.
Smart-Trak mass ﬂow controller. The pressure sensors are Dru¨ck PTX-611’s. The diﬀerential pressure sensor is an Endress+Hauser Deltabar
S. The back pressure regulator is a REDQ regulator S91W. The gas production is measured using a Ritter MilliGas Counter. Connections are
Swagelok. The heating bath is a Lauda ProLine 5 and heats the core holder through ﬂexible plastic tubes wrapped around it. The core holder
has been designed and constructed at the Delft University of Technology. It consists of Polyether ether ketone (PEEK), which has very low
x-ray absorption allowing higher quality CT scans. Tubing is mostly stainless steel or PEEK when ﬂexibility is needed.
3334   Patrick van Hemert et al. /  Energy Procedia  37 ( 2013 )  3331 – 3346 
The pressurized core holder is removed from the set-up for 3-5 h every few weeks for scanning with the micro
CT. The set-up cools to 297-302 K in this time. This cooling will result in some additional salt precipitation as
the solubility of salt in brine increases with increasing temperature. This precipitation cannot be distinguished
from the salt precipitated during the experiment. i.e., the size and amount of detected salt crystals should be seen
as upper limits of the actual precipitated amount. In addition, Some brine leaked through the tubing connections
during CT scanning leading to depressurization of the core.
After removal from the core holder, the core is wrapped in paraﬁlm and scanned. Only the top part of the core
is successfully scanned. Afterwards, the core is dried in oven at 383 K for a few days and scanned.
The micro CT scanner is a nanofocus R©cone beam CT from manufacturer Phoenix |x ray R©.
2.1. Procedure for processing of the micro CT data
The use of a micro CT scanner for the tracking of salt precipitation in a porous medium at elevated pressure and
temperature conditions is quite new. Therefore, the the procedure for processing of the micro CT data is described
here in detail. The procedure for the processing of the micro CT data consists of the following steps:
• The 3D data set is calculated from the 1000 (or 1440) CT scans using datosX software.
• A beam hardening correction is applied based on the judgment of the operator and the data is ﬁltered with
a median 3 ﬁlter.
• The 3D data is exported as set of 2D dicom ﬁles for easier handling.
• The relevant 3D data is selected by hand by the author using ImageJ.
• The histogram and the ﬁt of the student distribution are obtained using Matlab R©.
• The data processing is also done using Matlab R©. Most notably, the command regionprops is used to
determine the salt volumes and centroids.
The resolution of 40 micron is insuﬃcient to examine the Bentheimer sandstone on a grain-size level. In
other words, each data point in the the 3D set (voxels) is a volume averaged measurement. In addition to this
volume averaging eﬀect, the contrast in many of the 3D data is insuﬃcient to unambiguously separate CO2 ,
sandstone and precipitated salt (e.g. see Fig. 3) by thresholding. However, the development of more advanced
methods for separation are not performing satisfactorily at this time. Therefore, the designation of a voxel is still
based on a threshold value. However, because of the ambiguity of this method, the value is based on the student
distribution ﬁtted to the CT attenuations. In addition, three threshold values are used to examine the sensitivity
of this parameter. The chosen thresholds are the top 1.0, 0.5 and 0.1 % values as described by the ﬁtted student
distribution. This approach will select most of the salt without selecting the grains. In addition, for calculations
concerning the number of salt crystals, only salt aggloremations in excess of 27 voxels are considered.
The student distribution has been chosen as the most suitable to represent the data Fig. 3. The distribution is
the result of noise, heterogeneous nature of the solid material and, most importantly, the volume averaging eﬀect
of voxels. Deviations at the lower and higher attenuations are attributed to the presence of voxels consisting of air
and precipitated salt, respectively.
The current and voltage of the measurement have been varied for some of the scans in an eﬀort to improve their
contrast. The high x-ray absorption of the sample and the need to minimize the amount of time the core holder is
out of the set-up meant that it took several tries before the optimal settings were found. These settings are set at
160 kV, 225 μA and 1500 ms exposure time with a tube mode of zero and a voxel size of 21.54 μm. The voxel
size of the reconstructed image is 43 μm. In addition, the measured attenuations are not constant for the micro
CT scanner. Therefore, a comparison of the ﬁtted parameters is of little interest. However, it is observed the ﬁt
parameters of the empty scan and the scans at 0 g of CO2 injected (saturated) and 33 g of CO2 injected (just after
gas breakthrough) deviate considerably.
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Fig. 3. Distribution of the CT attenuations of the empty core (left) and post-experimental (right) scan. The ﬁtted t distributions (μ = 21395.7 ‖
20614.3, σ = 97.3001 ‖ 1347.91 and ν = 41.5539 ‖ 5.79109 ) are fair representations of the data.
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Table 2. Fitted student distribution parameters of the detected
attenuation values for all of the CT scans.
student distribution
scan μ σ ν
empty 2.140E+04 9.730E+01 4.155E+01
0 3.262E+04 5.642E+02 7.213E+01
33 2.439E+04 1.914E+02 1.014E+01
99 1.697E+04 1.069E+03 1.308E+01
154 1.478E+04 9.783E+02 1.584E+01
210 1.353E+04 8.099E+02 1.015E+01
336 2.338E+04 7.220E+02 1.447E+01
375 2.271E+04 7.217E+02 9.779E+00
440 2.174E+04 3.137E+01 9.852E+00
490 1.317E+04 7.385E+02 9.173E+00
550 2.069E+04 5.789E+02 6.232E+00
700 2.103E+04 1.048E+03 1.554E+01
post 2.061E+04 1.348E+03 5.791E+00
dry 1.483E+04 3.486E+02 2.062E+00
3. Results and discussion
3.1. Conventional data
The equilibrium amount of gaseous water in the carbon dioxide is estimated at 1500 volume per million [13].
This corresponds to an evaporated amount of 0.4 g of water during the course of the experiment. Assuming that
10 % of the brine remains after displacement, approximately 10% of the residual brine has evaporated during the
course of the experiment. This agrees with the observation that the core still has a high water saturation after the
experiment.
In (Fig. 4), the amount of gas (CO2 ) produced is given. After 33 g of CO2 has been injected, gas breakthrough
has been observed. After gas breakthrough, the CO2 is continuously produced. First, the production rate is equal
to the injection rate. However, after injection of 140 g of CO2 injected, the production rate is half of the injection
rate. The most likely causes are an undetected leakage or a malfunction in Sierra mass ﬂow controller. The
production rate is equal again to the injection rate after 500 g of CO2 injected. The mass of produced gas is 76%
of the injected amount of CO2 : Suﬃciently accurate considering the duration and diﬃculties associated with the
experiment.
Diﬀerential pressure over the core during the experiment is shown in Fig. 5.Initially erratic behavior is observed
due to the displacement of brine by the CO2 . This trend persists after gas breakthrough. Diﬀerential pressure
becomes negligible after 155 g of CO2 has been injected due to a continuous ﬂow path through the core.
3.2. Qualitative micro CT data
In Fig. 6 single cross sections of every intermittent CT scans are shown. Decreasing gray intensities are caused
by decreasing brine saturation in the core. The scans show the decreasing brine saturation during the course of the
experiment. Quantiﬁcation of this data is beyond the scope of this research. Saturation level is visually determined
to be constant over the core after 210 g injected.
in Fig. 7, single cross sections of the additional scans are shown. The scan of the initial dry core conﬁrms the
absence of high attenuation compounds in the core. The scan of the saturated has a very low contrast as only a
small amount of x-rays are able to pass through. The contrast of the post-experimental scan without core holder
is higher than that of the intermittent scans in Fig. 6), because the additional x-ray absorption of the core holder is
removed. The contrast of the scan of the oven dried core is by far the highest, because of the presence of large KI
salt crystals, precipitated during drying, through the core and the evaporation of the residual brine. The presence
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Fig. 4. The amount of produced gas is converted to grams using the assumption that P = 1 bar and T = 294 K. The total mass of produced gas
is 540±4 g. Gas production measurements are started after brine production has ceased (after 33 g of CO2 injected). Four production rates
are distinguised in the data: Gas production is not measured during brine production (33 g injected); Gas production is equal to mass injection
between 33 and 130 and between 500-700 g of CO2 injected. Gas production is about half the mass injected between 140 and 500 g of CO2
injected. The gap in the data between 457 to 482 g of CO2 injected is caused by a data acquisition failure. Plateaus in the gas production at
150, 220 and 610 g of CO2 injected are due to the time required to pressurize the core holder after these CT scans. The sudden jump at 500 g
CO2 injected is a technical error due to overpressurization of the core holder.
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Fig. 5. Diﬀerential pressure over the sample during the course of the experiment. The general trend of the diﬀerential pressure is to decrease
during the experiment. The behavior is rather erratic. The pressure diﬀerence is negligible after 155 g of CO2 has been injected, except
for a value of 0.04 bar between 340 and 370 g of CO2 injected. The 7 jumps in pressure after 155 g of CO2 injected are caused by the
repressurization after some of the CT scans. The gap in the data between 457 to 482 g of CO2 injected is caused by a data acquisition failure.
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of the residual KI-saturated brine through the core absorb too many x-rays. It may be worthwhile to investigate
whether other salts are more suitable for this type of experiments. The scan after oven-drying shows a fracture at
the edge of the core. It is not known when this fracture has been formed. The fracture has not been observed in
previous scans. However, the quality of these scans is not suﬃcient to make any deﬁnite statements. It must be
noted that the observed preferential CO2 path also is at the edge of the core.
In Fig. 8, spatial equally distributed horizontal CT slices of the after injection of 100 g of CO2 are shown. The
patches with high gray intensity show how the brine saturation varies through the core.
3.3. Quantitative micro CT data
The precipitated salt in the CT data is distinguished using the method described in subsection 2.1. In Table
3, the amount of distinguished salt, the volume of the largest salt crystal and the number of distinguished salt
crystals is shown for the three diﬀerent thresholds. The data for a threshold value of 0.99 is considered unreliable
at 0, 154, 210 and 336 g of injected CO2 as the largest volume is inconsistent with the other data. As is the data
for a threshold value of 0.995 at 0 and 210 g of injected CO2 . The remaining salt crystal volumes during the
experiment are between 0.10 and 0.50 mm3, the fraction of salt in the intermittent scans is between 0.07 and 1.5
% and the number of recognized salt crystals varies between 2.2E+04 and 1.8E+06. The data are fairly consistent
throughout the entire experiment: The data does not show an increasing trend for the volume, number or fraction
with increasing amount of evaporation. It is likely that the method is not suﬃciently reﬁned to detect such trends,
or that the temperature and pressure variations lead to experimental artefacts.
The volume of the 20th largest detected salt crystals (Fig. 9) vary between 0.04 and 0.45 mm3. There is no
discernible trend in the growth of the salt precipitate with injected amount of CO2 . The scans at 154, 210 and 340
g of injected CO2 have been removed as their results deviated strongly. This is attributed to the varying quality
of the CT scans due to experimentation with the best possible settings. The volume of the salt crystals in the
post-experimental core and the ﬁnal intermittent scan are in excellent agreement. This lends credibility to the
repeatability of the method for detecting salt precipitation.
These volumes are an upper limit as additional salt will precipitate during the scan due to the cooling of the
core holder.
Fig. 11 shows that no trend between location and salt crystal size exist.
In Fig. 10, the probability distribution of the volumes of the distinguished salt crystals is shown. Only salt
crystal in excess of 27 voxels are shown. The volumes of the salt crystals show the same trend for all three thesh-
olds. Assuming this distribution of salt crystals persists under ﬁeld conditions, this provides useful information
regarding the physics of clogging due to salt precipitation.
In Fig. 11, the distance from the centroid of all distinguished salt crystals and the height in the scan of the
centroid of all distinguished salt crystals are shown. There is no discernible trend in the heights of the salt crystals.
Most of the salt crystals are precipitating at the height in the scan between 14 and 25 mm. The author is not aware
of any viable physical explanation for this phenomenon.
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33 g of CO2 99 g of CO2 154 g of CO2
210 g of CO2 336 g of CO2 375 g of CO2
440 g of CO2 490 g of CO2 550 g of CO2
700 g of CO2
Fig. 6. Horizontal slices, taken near the top of each scan, of the CT scan of the core after diﬀerent amounts of CO2 injected. The patches in
the slices with higher gray intensities are the regions with a high brine saturation. The ﬁrst fours scans show that brine saturation in the core
decreases during the experiment. No other visual changes are observed in the scans.
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before the experiment 0 g of CO2 injected
post experimental without core holder After drying in the oven
Fig. 7. Horizontal slices, taken near the top of each scan, for the scans of the empty core, the core saturated with brine (0 g of CO2 injected),
post experimental without the core holder and after drying in an oven at 383 K. The scan of the saturated core has a very low contrast. The
post experimental scan is visually similar to the intermittent scans, but the contrast is higher. The quality of the scan of the oven dried core is
excellent. Large pores, sand and precipitated salt can clearly be visually distinguished. In addition, a large fracture is visible.
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Slice 51 Slice 151 slice 251
Slice 351 Slice 451 slice 451
Slice651 Slice 751 slice 851
Slice951 Slice 1049
Fig. 8. Horizontal slices from bottom to top of the micro CT data of the core taken after 99±10 g of CO2 injected. The darker regions of the
core show where the injected CO2 has displaced the brine. The ﬁrst slice shows a narrow dark region at the edge of the core which may be the
fracture recognized in the dry scan. The scans show that the CO2 is present mainly at the top of the core, but a continuous path through the
core is present.
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Table 3. The results after processing of the micro CT scans. Scan
% of pixels above threshold largest salt Volume # of salt crystals
scan 0.99 0.995 0.999 0.99 0.995 0.999 0.99 0.995 0.999
empty 0.72 0.32 0.04 0.006 0.005 0.003 2076762 1002709 147467
0 1.74 1.04 0.38 36.690 1.145 0.279 202281 168669 81542
33 1.30 0.72 0.18 0.498 0.346 0.192 462968 268371 70876
99 1.13 0.65 0.19 0.245 0.140 0.102 275047 166692 49999
154 1.34 0.75 0.21 3.744 0.194 0.112 308516 212548 73444
210 1.07 0.53 0.11 6.843 0.986 0.228 330882 198626 45393
336 1.08 0.54 0.12 0.690 0.312 0.253 395911 245449 58790
375 1.07 0.51 0.11 0.352 0.320 0.264 338124 202425 41052
440 1.20 0.59 0.12 0.447 0.298 0.250 324159 202766 48055
490 1.17 0.59 0.12 0.321 0.295 0.250 361404 221628 52068
550 0.82 0.38 0.07 0.341 0.303 0.239 258199 135312 21595
700 1.15 0.62 0.15 0.272 0.244 0.173 1795763 1057785 272892
post 1.50 0.79 0.15 0.300 0.275 0.217 1238658 787937 165190
dry 2.38 1.50 0.24 39.687 29.723 3.915 54915 55070 34669
4. Conclusions
The developed method is able to distinguish the precipitated salt in the sandstone for volumes in excess of 1.8
× 103 mm3 in the porous medium. However, it is expected that much of the salt precipitates at the grain surface
and thus cannot be detected with the current method.
The decreasing water saturation of the core could be qualitatively tracked with the micro CT scans. The
saturation level is constant throughout the core after injection of 100 g of CO2 . The observed water saturation
show the existence of preferred CO2 pathways through the core.
The salt precipitation during these experiments did not lead to clogging of the porous medium. Local clogging
within the core may have occurred.
The salt precipitation has a small preference for a region of 10 mm in height. Additional work is required to
elucidate this phenomenon. The salt precipitation is distributed evenly in the horizontal plane.
The observed maximum size of the salt crystals is between 0.04 and 0.45 mm3. The probability distribution of
the volume of the detected salt crystals is smooth and fairly independent of threshold.
The scans of the oven dried core after the actual experiment show the precipitation of many large salt crystals
which have been formed by the evaporation of the residual water. This indicates that the residual water saturation
after injection of 700 g of CO2 (400 pore volumes) is still very high. A fracture in the sample, visible in the
post-experimental CT scan, may have acted as a preferential ﬂow path for the CO2 , which might explain the high
residual water saturation after 700 g of CO2 has been injected.
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Fig. 9. The volume of the twenty largest salt crystals in all the CT scans. The size of the largest salt crystal varies between 0.24 to 0.45, 0.14
to 0.32 and 0.10 to 0.25 mm3, for the respective three threshold values. The 20th largest crystal is between 1.9 to 4.4 times smaller.
 Patrick van Hemert et al. /  Energy Procedia  37 ( 2013 )  3331 – 3346 3345
10
−2
10
−1
0.0001
0.05
0.1
0.25
0.5
0.75
0.9
0.95
0.99
0.999
0.9999
Volume [mm3]
P
ro
ba
bi
lit
y
Thresh of 1%
Thresh of 0.5%
Thresh of 0.1%
Fig. 10. The volume distribution of the recognized salt crystals in the scan of the core after the experiment without the core holder. Only salt
crystals in excess of 27 voxels are taken into account. The distribution is smooth and similar for all three thresholds. The maximum size of a
salt crystal is 0.18 - 0.25 mm3.
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Fig. 11. The z (left) and r (right) coordinates within the micro CT scan of the recognized salt crystals in the post-experimental scan.
